Vertical structures of hydrodynamics under wave conditions were investigated using live plants in a large-scale wave flume. The effect of vegetation on hydrodynamics were analyzed for regular wave cases. The interaction of waves and emergent vegetation under regular waves significantly affect wave-induced motion and turbulence intensity. Coastal vegetation motion affected the water particle kinematics so that the vertical distribution of water particle velocity showed a large deviation from linear wave theory. Also, the vegetation motion increased turbulence intensity in the middle of water column and this caused a different vertical distribution of turbulent kinetic energy compard to the control case with no vegetation. In addition to the turbulence kinetic energy level, the vegetation changed the anisotropy characteristics of turbulence, decreasing vertical turbulent component.
Introduction
Coastal vegetation has an influence on the nearshore processes by modifying wave induced currents, orbital velocity and turbulence interacted with flexible vegetation motion. This modification affects settling velocity, sediment suspension and transport, and the exchange of momentum and/or organic materials. Previous studies have been conducted in the field or in the laboratory to understand the interaction between hydrodynamics and vegetation. Most of these studies focused on wave heights distributions (and wave height gradient) but few observations have been made on the wave-induced velocity or distribution of turbulence over the water column.
Recently, Albert et al. (2013) observed the various characteristics of bulrush (Schoenoplectus pungens) in coastal wetlands including plant populations, stem density, diameter, height, and flexibility. Using the same species of bulrushes, Blackmar et al. (2014) investigated wave height attenuation using smallscale artificial plants combined with numerical simulations to show how heterogeneous stands of vegetation could be modeled using a combination of drag coefficients estimated for two homogenous stands of vegetation separately. To extend the work of Albert et al. (2013) and Blackmar (2014) , we provide the observation of velocity components including currents (mean velocity), orbital velocity, and turbulence since these quantities are often associated with the suspension and transport of sediment. Unlike natural beaches, the transport of sediment in vegetation is a poorly understood area, although the trapping of sediment, for example, is a valuable ecosystem service that can be provided by coastal vegetation.
In the present analysis, we present the impact of natural vegetation on the hydrodynamics observed in the large-scale laboratory experiments using live plants. This includes an analysis of the vegetation effects on the wave-induced velocity and turbulence.
Experiment
The experiments were conducted in the Large Wave Flume (104 m long, 3.6 m wide, and 4.6 m deep) at the O.H. Hinsdale Wave Research Laboratory (HWRL) at Oregon State University. Live plants (Schoenoplectus pungens or threesquare bulrush) were collected from the field (Tillamook, Oregon), and transplanted to twelve 8-ft long planters. Four channels were constructed with Channel A without any bulrush used for control, Channel B with the "restored" bed and Channel C and D as the natural beds. The instrumentation consisted of wire-resistance wave gages and acoustic-Doppler velocimeters (ADVs). Eight wave gages were installed for this study with one wave gage at the starting point of each channel and another four gages mounted on a moveable cart. Both irregular and regular waves were run with wave heights ranging 5 < H < 20 cm and wave periods ranging 1.5 < T < 3.0 s. There was minimal wave breaking observed during these tests. The ADVs were located at 14 vertical elevations throughout water depth for these experiments. More details were given in Yoon et al. (2011) . The schematic setup and photographs of the experiment are given in Figure 1 . Table 1 lists the experimental conditions for regular wave (Exp 2). Wave gauges were installed at x = 0 and 1.2 m. H i is the measured wave height at x = 0 and H obs is the measured wave height at x = 1.2 m. H est is the estimated wave height at the location of ADV based on Kobayashi et al. (1993) as follows.
( ) For the first phase of experiment (Trial 5-21), ADV were located near water surface ,  (elevation from the bed) = 28 cm and moved downward to the bottom. Next, the ADV were slightly moved to x = 3.0 m and the ADV measurement elevation was moved upward and the same procedure repeated. Target wave height and period were 15 cm and 1.5 s, respectively. Experiments were conducted for approximately 2 minutes for each run. 
Velocity Data Reduction
Bulrush motions generate spike noises which cause unreliable estimates of the ADV data. Spike noises and turbulence in the velocity data look similar each other, therefore it is important to identify noise before estimating turbulence components from the velocity data. To detect spike noises, a signal-toratio (SNR) threshold and the 3D phase-space threshold method by Mori et al. (2007) were used for the velocity data. A SNR threshold of 10 dB was used first to identify spike noise, and then the 3D phasespace threshold method was used for the data which were not identified by the SNR threshold. If any component of u, v, or w was identified as a spike noise, all 3 components of velocity were identified as a spike noise. After spiked noises were identified, an interpolation between valid data was used to replace them. Figure 2 shows the ensemble-averaged cross-shore velocity (u) from ADV. The velocity data were ensemble-averaged for 70s < t < 100s. For 30s duration, 19~21 waves were detected and were averaged to provide the ensemble-averaged velocity. Because of the bulrush motions affect the quality of ADV measurements, bad signals were shown even though the data were carefully filtered with SNR and despiking algorithm. To exclude these bad signal, waves exceeding the threshold of m+3  where m = mean of the whole time series and  =standard deviation of the whole time series were identified as outlier and excluded from the calculation to provide robust statistics. The excluded waves are only a small portion of the whole waves (less than 2% of total waves), so this does not affect the results significantly.
The measured instantaneous velocity (u) was considered to consist of mean current ( u ), an organized wave-induced motion or ensemble-averaged motion ( u  ), and a turbulent component ( u ) as
Also, the time-averaged turbulent kinetic energy (TKE) per unit mass is defined as
where the overbar refers to the turbulent intensity averaged over the entire time series of the run. 
Results
The vertical distribution of wave-induced cross-shore velocity was estimated compared to linear wave theory. The maximum and minimum of u from linear wave theory was calculated as follows.
where, H=estimated wave height at the location of ADV based on Kobayashi et al (1993) . Figure 3 shows the wave-induced velocity of regular waves. For Channel A (no vegetation channel), the measured velocity follows the linear wave theory well over entire water depth, showing RMSE (Root-mean-square error) is within 8% of the max,min u . For Channel B, C and D, the RMSE was increased by a factor of 2-3. Interestingly RMSE for max u was larger than min u by a factor of 2 for the vegetated channels (Channel B, C and D) whereas there is little difference of RMSE between max u and min u for Channel A (no vegetation). The particle velocity was significantly affected by bulrushes when the waves moves onshore (positive u direction) rather than offshore (negative u direction). Figure 4 shows the vertical distribution of k . For the case of Channel A (no vegetation channel), the vertical distribution shows a slightly increased quantities at the both ends (i.e., near water surface and bottom). However, for the case of Channel B, C, and D (vegetation channels), turbulence were large in the middle of water column. Because of these bulrush motions, depth-averaged k for Channel B, C, and D are larger than Channel A by a factor of 2-3 (Table 3 ). 
Conclusions
This study provides a preliminary analysis of coastal vegetation on hydrodynamics using live plants in the large-scale wave flume experiment. The interaction of waves and emergent vegetation under regular waves significantly affect wave-induced motion and turbulence intensity. Coastal vegetation motion affect water particle kinematics so that the vertical distribution of water particle velocity shows large deviation from linear wave theory. Also, vegetation motion increased turbulence intensity in the middle of water column and this caused a different vertical distribution of turbulent kinetic energy. In addition to the turbulence kinetic energy level, vegetation motion changed the anisotropy characteristics of turbulence, decreasing vertical turbulent component.
